D factor is a protein that stimulates DNA transcription in vitro by RNA polymerase. For DNA from bacteriophage X, we present evidence that D protein interacts with DNA to increase the frequency and improve the specificity of initiation by RNA polymerase.
Recent evidence indicates that purified RNA polymerase from Escherichia coli rarely (if ever) initiates RNA chains in vitro with the same fidelity achieved in vivo (1) . DNA of phage X is particularly useful for the study of this problem because of the availability of highly specific assays for "proper" transcription. In vivo, E. coli RNA polymerase probably initiates transcription of X DNA at only two promoter sites-termed immediate-early-in the absence of phage-specified proteins; the resultant RNA synthesis from the early gene region of X DNA is blocked by X cI protein ("A repressor") (2) (3) (4) . Thus, properly initiated transcription in vitro should satisfy two criteria: the RNA should represent the early genes, and RNA synthesis should be repressed by cI protein.
As judged by these criteria, the fidelity of transcription of X DNA is poor under typical conditions of RNA synthesis in vitro (5, 6) . As a consequence, the demonstration of effective repression in vitro with purified components has required one of two approaches: a sedimentation analysis of the RNA product to separate properly initiated chains from the improperly initiated "background" (5) , or the selective use of an inhibitor of initiation, rifampicin, to eliminate many improperly initiated chains (6) . Early experiments on repression of RNA synthesis in a crude preparation indicated the presence of a host factor that could improve repression by cI protein (7) ; this result suggested that there might exist an E. coli transcription factor able to improve the specificity of initiation on X DNA (6) . This report describes the purification and properties of an E. coli protein that may be such a specificity factor. This protein-termed D factor-binds tightly to DNA, stimulates RNA synthesis from several templates, and improves the fidelity of transcription from A DNA.
MATERIALS AND METHODS
Source of Proteins and DNA. Preparation of X and Xb2 DNA was described (6) . E. coli DNA was the gift of William Haseltine (8) ; P2 DNA was the gift of Kathy Barrett (9); T7 DNA was the gift of Anthony Cashmore (10) . Calfthymus DNA and "chicken blood" DNA were commercial products obtained from Worthington and Calbiochem, 3660
respectively. Purifications of X cI protein and RNA polymerase have been described (6); ci protein was purified through the phosphocellulose step (6) . Synthesis and Characterization of RNA. RNA was synthesized and characterized essentially as described (6 was made 70% saturated with solid (NH4)2SO4; the precipitate was collected by centrifugation and dissolved in 100 ml of the phosphate-EDTA-mercaptoethanol biffer. The (NH4)2SO4 precipitation and suspension were repeated once more. The resultant (NH4)2SO4 fraction was centrifuged at 100,000 X g for 1 hr; the supernatant fraction was dialyzed against "PC buffer" [10 mM potassium phosphate (pH 7.0)-0.1 mM EDTA-5 mM 2-mercaptoethanol-10 mM KCl-5% glycerol] and subjected to chromatography on a phosphocellulose column (50 ml volume). The column was washed with 150 ml of PC buffer with 0.1 M KCl, and D protein was eluted with the same buffer except that the KCl concentration was 0.6 M.
Fractions showing DNA-binding activity were pooled (110 ml), protein was precipitated by the addition of 50 g of (NH4)2SO4, and the precipitate was dissolved in 2 ml of "BP buffer" [10 mM potassium phosphate (pH 7.0)-14
cerol] for further purification by Biogel P 150 column chromatography (See Fig. 1 ). For some experiments, the Biogel fraction was subjected to additional phosphocellulose chromatography. The protein was adsorbed to a 10-ml column in PC buffer with 20 mM KCl; the column was washed with 150 ml of PC buffer with 0.1 M KCl, and D protein was eluted by a linear gradient form 0.1 M-1 M KCl. D protein eluted at about 0.6 M KCl.
RESULTS
General properties of D protein D factor has two properties of particular interest for the study of transcription: the capacity to bind tightly to DNA and the capacity to stimulate RNA synthesis. Our fractionation studies indicate strongly that these two activities are associated with a single protein, which we term D protein because of the DNA-binding property. Fig. 1 shows the association of DNA-binding and stimulation of transcription after separation by size with a Biogel P-150 column. The peak fractions in this experiment revealed only a single major protein species, as judged by polyacrylamide gel electrophoresis in sodium dodecyl sulfate (14) . Further fractionation of the protein from the Biogel column by gradient elution from a phosphocellulose.column and by glycerol gradient sedimentation produced no separation of the two activities. In one purification, a substantial amount of an additional protein was found in the Biogel fraction; this protein was removed by phosphocellulose chromatography without any change in the activities of the D factor. D factor is a small, heat-stable protein. By glycerol gradient sedimentation, we estimated a molecular weight of 12,000 (15) . Both activities of D protein are retained after 5 min at 100°. Although we have studied mainly X DNA, D protein can also bind to other DNA and stimulate RNA synthesis. (16) and histone raises it (17) . Fig. 3 shows the effect of D protein on the thermal denaturation of X DNA. The shift in melting temperature indicates a strong interaction between D protein and X DNA. Since the con- hyb80imm434 DNA is complementary to X RNA mainly for the early gene region. % RNA from early genes = 100 X (RNA hybridized to hyb80imm434 DNA)/(RNA hybridized to X DNA). For this experiment, the concentrations of RNA polymerase, D factor, and Xb2 DNA were 4 ug/ml, 6.4 ,g/ml, and 8 Mg/ml, respectively, and the specific activity of [ (Fig. 4) . In contrast, D protein exerts no stimulatory effect if it is added 1 min after the RNA synthesis reaction is started in the presence of rifampicin. Rifampicin should prevent restarts, but should allow D protein to affect propagation at any time; thus, the failure of An increase in initiation frequency might result from more starts at the same sites used in the absence of D protein or from an effect of D protein on the specificity of initiation. Two observations on the effect of D protein support the latter possibility: (i) there is an increase in the fraction of RNA from the early gene region of X DNA, and (ii) there is an increase in the fraction of RNA that can be repressed by cI protein. Table 2 gives data on the region of DNA transcribed in the presence and absence of D protein. The fraction of RNA from the early genes is estimated by hybridization of the RNA product to DNA from phage hybS(imm434, which is homologous to X DNA mainly for the early gene region (6) . Essentially all of the stimulation in RNA, synthesis by D protein corresponds to early gene RNA. Table 3 gives data on the repressibility of RNA synthesized from X DNA in the presence and absence of D protein; this experiment provides a more stringent criterion for initiation specificity because cI protein acts at or near the initiation stage of RNA synthesis (5, 6) . The amount of RNA synthesis that escapes repression increases only slightly in the presence of D protein, whereas total RNA synthesis increases 2.2-fold. Data are included for a Ximm434 DNA template to show the specificity of the repression effect; although mainly X DNA, Ximm434 DNA is resistant to the repression activity of X cI protein because it lacks the specific binding sites for cI protein (5, 6, 18) .
From the results presented in Fig. 4 and Tables 2 and 3 (26, 27) . Second, the strong interaction of D protein with DNA in vitro indicates that an association with DNA in vivo is plausible. D protein is associated with the nucleic acid (Dextran) phase in a phase partition and appears to have a strong positive charge, eluting from phosphocellulose at very high salt concentration (0.6 M). There is a superficial resemblance between D protein and histone in their low molecular weight, heat stability, capacity for strong DNA-binding, and effect on thermal denaturation of DNA (17) .
On the negative side, nonprotein factors can influence the specificity of transcription of X DNA in vitro. The superhelical density of circular X DNA can produce large changes in the magnitude and specificity of RNA synthesis ( 
